manuscript and misspell a word. The word processor notes my error, and offers to correct it for me. If I let the machine correct my error, rather than correcting it myself, I am suppressing my internal teacher, losing the opportunity to learn from my mistake.
The second lesson is with regard to the functional anatomy of the brain. If we posit that a fundamental function of the brain is to learn to improve our behavior, then the idea of labeling cells based on their response to error may turn out to be a key step in deciphering the seemingly alien language of neurons. Temperature is a critical host-emitted cue for many parasitic species. A recent study shows that skinpenetrating human parasitic hookworms and threadworms exhibit adaptive host-seeking behaviors that are based on their temperature experience, opening up possibilities for new intervention strategies. How do these infective larvae find their hosts? They could passively wait for their victims, or -taking a page from monster movies -they could actively search for them. In fact, active host-seeking mechanisms have been extensively documented for numerous parasitic helminths [3, 4] . These animals use remarkably diverse strategies to efficiently and effectively detect their hosts. Both mammalian parasitic and insect pathogenic nematodes respond robustly to specific odor profiles produced by their natural hosts [5] , but also use general cues such as heat and carbon dioxide [4] . Different cues are also used to perform long-range host-seeking, or for short-range behaviors such as attachment or penetration [3] . Understanding how infective nematode larvae detect, orient, and move towards their hosts could potentially provide a powerful weapon against infection. A new paper from Bryant and colleagues [6] in this issue of Current Biology now reports that thermal navigation behaviors in the human threadworm Strongyloides stercoralis and the hookworm Ancylostoma ceylanicum are temperature experience-dependent, opening up new avenues for devising possible intervention strategies.
Between infection cycles, parasitic nematodes often spend extended periods in substrates such as feces or soil, awaiting new hosts. Soil-dwelling nematodes -both parasitic and nonparasitic -are challenged with large temperature fluctuations diurnally and seasonally. Many terrestrial nematodes, such as the extensively studied freeliving Caenorhabditis elegans, exhibit navigation behaviors that balance the need to avoid noxious temperatures with the need for food and oxygen [7] . C. elegans gradually acclimates to its cultivation temperature (T c ) [8] , but since temperature re-acclimation is likely to be metabolically costly, it is advantageous for C. elegans to minimize deviations from its T c . These challenges are met by adaptive T c -dependent modulation of C. elegans thermotaxis behaviors [8] (Figure 1A ). In brief, at temperatures (T) greater than T c , these animals move down a gradient towards cooler temperatures (negative thermotaxis). Below T c , they move towards warmer temperatures (positive thermotaxis). At T=T c , they track isotherms. Interestingly, a subset of nematode taxa belonging to different ecological niches exhibits similar experience-dependent movement towards their T c , suggesting that temperature adaptation may play an important role in the lifestyles of diverse nematodes [9] .
However, thermal fluctuations in the soil present an additional challenge for soil-dwelling mammalian parasitic nematodes; warmer temperatures may reflect either temporal or spatial variations in soil, but could also signal the presence of a potential warm-blooded host. How might infective larvae discriminate between these possibilities? Although several parasitic nematodes exhibit robust positive thermotaxis (e.g., [10] ), Bryant et al. demonstrate that the navigation behavior of many of these species depends on their prior temperature experience. However, instead of moving towards their T c similar to C. elegans, infective larvae of some nematodes such as S. stercoralis instead generally moved away from their T c ( Figure 1A ). At temperatures well above their T c , these larvae exhibit robust positive thermotaxis, whereas just below their T c , these larvae instead generally move towards cooler temperatures. Other species also exhibit a T c -dependent temperature switch point that can be higher or lower than the T c [6, 11] .
The notion here is that while negative thermotaxis might favor initial dispersal from the host, moving towards cooler temperatures also allows larvae to maximize their ability to detect large temperature differences that would indicate the presence of hosts, as compared to the gradual temperature R796 Current Biology 28, R784-R802, July 23, 2018
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Dispatches changes that might occur as a consequence of environmental warming. Consistent with this hypothesis, as in C. elegans, adaptation to T c occurs on a timescale that can account for diurnal temperature variations [6] . One prediction based on this model is that infective larvae might be particularly sensitive to not only the absolute temperature, but also the rate of temperature change, indicating a high probability that a host is nearby. In agreement with this model, these worms navigate more rapidly up steeper thermal gradients [6] . While long-range thermotaxis allows these nematodes to respond to putative hosts in their vicinity, a dramatic behavioral switch occurs when these animals approach the host temperature of 37 C ( Figure 1B ) [6] . Near the host body temperature, infective larvae turn frequently and appear to engage in local search behaviors, possibly in preparation for skin penetration. The Hallem group previously showed that these parasitic nematodes also exhibit robust responses to a range of chemical odorants, potentially representing hostderived cues [12] . Interestingly, while migrating up a thermal gradient, S. stercoralis nematodes ignore the presence of an attractive odorant, although the chemical does modulate local search behaviors in both isothermal conditions and at around the host body temperature [6] . These observations suggest that warmth may serve as a more robust signal for the presence of a potential host when at low temperatures, but once the host has been reached, other cues may allow these animals to identify the correct species or site of infection.
How do nematodes detect temperature changes? The molecular and neuronal bases of thermosensation and thermal adaptation have been extensively analyzed in C. elegans. A striking feature of C. elegans thermotaxis is their remarkable thermosensitivity. Adult C. elegans hermaphrodites are able to sense and behaviorally respond to temperature changes of as little as 0.01 C [13, 14] , in large part due to the sensitivity of the bilateral pair of AFD thermosensory neurons [13, 15] . Thermotransduction in AFD is mediated by a family of transmembrane guanylyl cyclases; cGMP generated upon warming opens cGMP-gated ion channels such as TAX-4, resulting in depolarization [16] . The thermosensitivity of AFD is achieved in part via second messenger-mediated signal amplification, experiencedependent adaptation, as well as morphological specialization of AFD sensory endings [16] . Many parasitic nematodes have also been reported to be thermosensitive. For instance, hookworms Necator americanus and Ancylostoma duodenale can behaviorally detect temperature changes of 0.09 C/cm [17] . Similarly, Bryant et al. report that S. stercoralis can navigate in temperature gradients as shallow as 0.13 C/cm [6] . Moreover, they find that deletion of the S. stercoralis homolog of the tax-4 cGMP-gated channel gene disrupts thermotaxis behaviors. Previous work from the Schad lab identified the ALD neurons as being essential for thermotaxis in S. stercoralis [18] . Like AFD, ALD contains complex sensory endings, with specialized lamellae [19] , which might concentrate signaling molecules and increase thermosensitivity. Although it is not clear to what extent parasitic and free-living nematodes share thermotransduction mechanisms, these observations suggest that work in C. elegans may at least partly inform molecular studies of thermosensation in parasitic nematodes.
These new details about parasitic nematode thermotaxis behaviors are notable for several reasons. Nearly all intervention strategies to prevent infections by these worms are currently targeted at managing, and not preventing, infections. Combining new strategies to prevent these larvae from detecting hosts with existing methods may prove more effective, especially considering the rise of anthelmintic resistance. These approaches would be greatly aided by dissecting the relative contributions of heat and chemical cues in larval host-seeking and infective behavior. Specifically, Bryant et al.' s finding that heat is a more potent cue at cooler soil temperatures is particularly important. It is well-established that the host-seeking patterns of disease vectors such as mosquitoes are greatly influenced by diurnal light-dark and temperature cycles [20] . If parasitic nematode larvae exhibit a higher thermal drive at lower temperatures such as during late hours of the night, this would have significant consequences on the management of infection in the field. New findings on parasitic nematode behaviors raise the hope that -to paraphrase Nietzsche -while we may have evolved from worm to (wo)man, very little inside us will someday be worm.
Metagenomic assemblies of oceanic datasets have unearthed novel and diverse alphaproteobacterial groups. Sophisticated phylogenetic analyses based on these metagenomes suggest that mitochondria do not descend from within Alphaproteobacteria, as typically thought, but from a still undiscovered sister lineage.
Over one billion years ago, a bacterium (or bacterial population) was engulfed and retained by a cell related to the Asgard lineage of Archaea [1] . Ultimately, that bacterial endosymbiont became the mitochondrion: an inextricably integrated eukaryotic organelle that plays critical roles in cellular processes as diverse as cell suicide (apoptosis), fatty acid metabolism, and synthesis of adenosine triphosphate (ATP) [2] .
Fortunately for biologists, genes encoded in the relic bacterial genome (mtDNA) of diverse mitochondria have revealed important clues about their evolutionary origins: time and again, mitochondria have been shown to originate from within the Alphaproteobacteria [3] . But the antiquity of the symbiosis has made it difficult to determine the precise identity of the alphaproteobacterial group most closely related to mitochondria. And, the biological basis of symbiosis has been further obscured by the considerable ecological and metabolic variety within Alphaproteobacteria.
Many phylogenetic analyses suggest a mitochondrial affinity to Rickettsiales [4, 5] , an attractive possibility given that both are obligately intracellular. Others posit that the affiliation of mitochondria and Rickettsiales is a phylogenetic artifact, and that the protomitochondrion was a metabolically complex mitochondrial ancestor, more akin to Rhodospirillum [6] . Regardless, there has been overwhelming consensus that mitochondria trace their roots to Alphaproteobacteria. However, in a recent publication in Nature, Martijn et al. [7] present the first compelling phylogenetic evidence that mitochondria may not have emerged from within Alphaproteobacteria, but from an enigmatic sister lineage.
Martijn et al. [7] harvested metagenomic data collected from various oceanic locations and depths by the Tara Oceans consortium [8] . By taking read abundance, tetranucleotide frequency, and read-pair linkage data into account, 45 metagenome-assembled genomes (MAGs) were generated, representing 12 distinct alphaproteobacterial lineagesseveral of which are novel -along with a putative alphaproteobacterial sister group.
Before attempting to resolve the origin of mitochondria, phylogenomic analyses were carried out using 72 highly conserved proteins to better resolve the phylogenetic relationships between novel and established alphaproteobacterial groups. Employing sophisticated phylogenetic models, the authors recovered associations between Rickettsiales, Pelagibacteraceae, alphaproteobacterium HIMB59, and other marine alphaproteobacteria, with maximum statistical support. These groups, however, have compositionally biased and fast evolving genomes, which signifies the potential for phylogenetic artifacts.
Reconstructing ancient phylogenetic relationships accurately is exceedingly
